We study two-body decays of a new neutral pseudoscalar into gauge bosons within the context of the Littlest Higgs model. Concretely, the Φ P → W W, V V, gg processes induced at the one-loop level, with V = γ, Z, are considered. Since the branching ratios of the Φ P → V V decays result very suppressed, only the Φ P → W W, gg processes are thoroughly studied. The branching ratios for the Φ P → gg and Φ P → W W decays are of the order of 10 −4 and 10 −6 , respectively, for f around 2 TeV, which represents the global symmetry breaking scale of the theory. The production cross section of the Φ P boson via gluon fusion at LHC is estimated.
joined results from experimental and phenomenological analyzes, where it is proposed a simulated scenario as realistic as possible [28] . The viable analysis region for the energy scale f is sustained by a phenomenological study based on the experimental searches of the SM-Higgs boson, where it is used the signal strength modifier along with electroweak precision data. Even when the parameter space of the LTHM is strongly constrained, there is still room to study a wide variety of processes at the TeV energy scale. For consistency with electroweak precision data, a lower limit for the energy scale f around 2-4 TeV is set [28] .
The present paper is organized as follows. In section II, a survey of the LTHM is presented. In section III, the analytical calculations of the one-loop level Φ P → W W, V V, gg decays are described. In section IV, the numerical results are discussed. Finally, the conclusions are summarized in section V.
II. THEORETICAL FRAMEWORK
The LTHM is established by a nonlinear sigma model with SU (5) global symmetry together with the gauged group [SU (2) 1 ⊗ U (1) 1 ] ⊗ [SU (2) 2 ⊗ U (1) 2 ] [23, 26] . At first, the SU (5) group is spontaneously broken to the SO(5) group at the energy scale f . At par, the [SU (2) 1 ⊗ U (1) 1 ] ⊗ [SU (2) 2 ⊗ U (1) 2 ] group is broken to its subgroup SU L (2) ⊗ U Y (1), the latter being the SM electroweak gauge group. At the energy scale f , the spontaneous global symmetry breaking of the SU (5) group is generated by the VEV of the Σ field, identified as Σ 0 [26] . The explicit form of the Σ field is given by
and Π being the Goldstone boson matrix with the following structure
Here, the fields h and φ represent a doublet and a triplet under the SU L (2) ⊗ U Y (1) SM gauge group, respectively [26] , having the following representation
The global symmetry breaking produces 14 Goldstone bosons which transform under the SU L (2) ⊗ U Y (1) group as a real singlet 1 0 , a real triplet 3 0 , a complex doublet 2 ± , and a complex triplet 3 ±1 [23, 26] . By means of this mechanism both the real singlet and the real triplet are absorbed by the longitudinal components of the gauge bosons at the scale f , where the complex doublet and the complex triplet remain massless. The complex doublet is precisely the SM Higgs field. Through the Coleman-Weinberg type potential when the global symmetry of the group SO(5) breaks down the complex triplet gets mass of the order of the energy scale f .
On the other hand, the effective Lagrangian invariant under the [SU (2
where L G contains the gauge bosons kinetic contributions, L F represents the fermions kinetic contributions, L Σ includes the nonlinear sigma model contributions of the LTHM, L Y comprises the Yukawa couplings of fermions and pseudo-Goldstone bosons. The last term corresponds to the Coleman-Weinberg potential. For the purposes of our work, we only present a brief overview of the LTHM. For a more detailed description of this model see Ref. [26] . The nonlinear sigma model sector is described by the following Lagrangian
where the covariant derivative is expressed as
Explicitly, the W a µj represent SU (2) gauge fields, the B µj are the U (1) gauge fields, Q a j are the generators of the SU (2) gauge group, the Y j denote U (1) gauge group generators, g j are the coupling constants of the SU (2) group, and g ′ j are the coupling constants of the U (1) group [26] . After the spontaneous symmetry breaking (SSB) around Σ 0 , for the gauge bosons, mass eigenstates of order of f are generated [26] 
Here,
, and s
In the procedure of SSB, the Σ field is expanded around its VEV (Σ 0 ) preserving dominant terms in the Lagrangian of the nonlinear sigma model sector [26] . Consequently, the masses of the new heavy gauge bosons are of order O (f )
At this stage of the SSB the B µ and W µ fields still do not acquire mass. In the LTHM, the c parameter, c = m WH /m ZH , takes the value closes to one at the leading order [26, 29] , in order to have similar values for the new gauge bosons masses; as it happens in the electroweak sector of the SM [29] . While the c ′ parameter is related to the mixing angles between gauge bosons of the SU (2) and SU (1) groups, it directly affects the mass of the heavy photon (A H ). Therefore, in desire of keep masses of the order of TeVs, the c ′ parameter should be restricted to large mixing angles. At the Fermi energy scale, the SM gauge bosons get masses by the SSB mechanism, where also mixings between SM and new heavy gauge bosons are induced.
With regard to the scalar sector, in the LTHM the Higgs potential is induced via one-loop radiative corrections at the leading order. This potential comprises contributions coming from gauge boson and fermion loops. When the Σ field is expanded around its VEV into the nonlinear sigma Lagrangian the Coleman-Weinberg potential is achieved [30] 
The λ's quantities are given as
The parameters: c, s (c ′ , s ′ ) represent mixing angles related with the gauge coupling constants of the SU (2) (U (1)) symmetry group. The a and a ′ parameters depict unknown ultraviolet (UV) physics at the cutoff scale Λ S . Their values depend on the UV completion details at the Λ S scale [26] . The µ quantity is a free parameter that receives evenly significant contributions coming from one-loop logarithmic and two-loop quadratically divergent parts [26] . The VEV v (v ′ ) of the doublet (of the triplet) is obtained after minimizing the Coleman-Weinberg potential, where there is fulfilled the relations
By diagonalizing the Higgs mass matrix heavy scalar bosons get masses [26] . Thereby, the gauge eigenstates of the Higgs sector can be expressed depending on mass eigenstates in the following manner
Here, H symbolizes the Higgs boson, Φ 0 is a new neutral scalar, Φ P represents the neutral pseudoscalar, Φ + and Φ ++ are the charged and doubly charged scalars, respectively. The G + and G 0 fields are the Goldstone bosons that are eaten by the massless W and Z bosons [26] . At the leading order, the masses of the new scalar bosons are degenerate, being written as [26] 
where
The previous expression is only definite positive if
2 . For the rest of particle content, the LTHM predicts new fermions which couple to the Higgs field in such a manner that the quadratic divergence of the top quark is annulled [23, 26] . The new set of heavy fermions is settled as a vector-like pair (t,t ′c ) with quantum numbers (3, 1) Yi and (3, 1) −Yi , respectively. Thus, the Yukawa sector has the following structure
where χ i = (b 3 , t 3 ,t); ǫ ijk and ǫ xy are antisymmetric tensors for i, j, k = 1, 2, 3 and x, y = 4, 5 [23] . Here, λ 1 and λ 2 represent free parameters, where λ 2 can be fixed in such a way that for given values of (f, λ 1 ), the top quark mass should adjust to its experimental measurement [28] . By expanding the Σ field around Σ 0 keeping terms up to O(v 2 /f 2 ) and then diagonalizing the mass matrix, it can be found the mass states t L , t c R , T L , and T c R , which correspond to the SM top quark and the new top quark, respectively [26, 28] . All the remaining contributions to the LTHM Lagrangian can be consulted in Ref. [26] . Our analytical results were computed by using the set of new Feynman rules presented in Ref. [26] .
In order to analyze the one-loop level decays of the Φ P boson, the total decay width of the Φ P (Γ Φ P ), which will include only SM final states, must be computed. The most important contributions to Γ Φ P are the tree-level decays of Φ P into ZH, W W Z. Other subdominant contributions turn out to be the final states:tt, W W H, which we will also consider. The Feynman diagrams that depict two-and three-body decays of Φ P boson at three level are shown in Figs. 1 and 2, respectively. On this basis, the decay width of the Φ P → tt process is calculated, resulting in
where m Φ P is the mass of the pseudoscalar boson, N c is the color factor equal to 3 for quarks and f is the global symmetry breaking scale.
Feynman diagrams corresponding to the Φ P → tt, HZ decays at tree level.
The Φ P → ZH decay width can be written as follows
Concerning the three-body decays, these processes are mediated by SM particles, new scalar bosons and the Z H gauge boson (see Fig. 2 ). The analytic expression for the decay width of the Φ P scalar boson decaying into three bodies can be computed by using the standard formulation described in Ref. [31] .
Feynman diagrams representing three-body decays of the Φ P boson at tree level.
The amplitude for the Φ P → W W H decay is
. Due to degeneracy in the masses of new scalar bosons, m Φ P = m Φ + = m Φ − was employed.
Owing
necessary to fix the c parameter or at least to explore a neighborhood for it with the objective of maximizing the possible contributions of new physics. Particularly, our election seeks to avoid the decoupling in the Φ P Z H H interaction. Thereby, it is assumed that c ≈ 0.85 [27] , which indicates a small mixing angle and promotes an enhanced contribution of the Z H boson to the Φ P → W W H decay. The numerical results tell us that new heavy particle corrections are less than 1%. All the analytical formulae necessary to calculate the decay widths were computed by using the FeynCalc package [32] . Firstly, we will discuss relevant details of Φ P W W vertex in order to present the analytic results for the Φ P → W W decay. Secondly, the analytical study of the Φ P V V vertexes, where (V = γ, Z), will be placed in the context of Φ P → V V decays. Lastly, analytical results for the one-loop amplitude of the Φ P → gg process are presented. Motivated by the fact that the Φ P W W vertex is absent at tree-level in the LTHM, it is interesting to analyze this coupling at one-loop level. This can be done through the analysis of the Φ P → W W process. In what follows, all the one-loop calculations will be carried out by making use of the unitary gauge. In the LTHM, this decay only receives contributions from quarks, however, the main one corresponds to SM top quark. The dominant Feynman diagrams that represent the Φ P → W W decay are shown in Fig. 3 . After performing dimensional regularization for the one-loop amplitudes related with the Feynman diagrams in Fig. 3 , we find that the total amplitude for the Φ P → W W decay can be written as
It should be stressed that the form factor A W W is finite, being, B 0 (1) = B 0 (m 
FIG. 3: Feynman diagrams contributing to the Φ
P → W W process at one-loop level.
The following describes the analytical expressions for the amplitudes of the Φ P → V V processes. In the LTHM context, the Φ P → V V decays are only mediated by SM quarks and the new exotic top quark T . Even though the new top quark induces a contribution different from zero, this is suppressed at least by two orders of magnitude with respect to the SM top quark contribution, which is the dominant one regarding the remaining SM quarks. Moreover, when one T quark fluctuates into the Φ P → γγ decay, its amplitude is exactly zero since there is no T tγ vertex. Therefore, we do not present this in the Feynman diagrams. In Fig. 4 the Feynman diagrams associated with the Φ P → V V decays are shown. The one-loop amplitude for the Φ P → γγ decay can be written as follows The form factor A γγ is given in terms of PV, which can be seen below
is the three-point PV. After performing algebraic operations, the decay width of the Φ P → γγ decay is expressed as
In this way, the one-loop amplitude for the Φ P → γZ decay can be computed, being equal to
The form factor A γZ has the following structure
. Thereby, the associated decay width can be expressed as follows
The respective decay amplitude for the Φ P → ZZ process turns out to be
In this case, the form factor A ZZ is given by
. Following a similar algebraic procedure as above, the decay width of the Φ P → ZZ process can be obtained, being
FIG. 5: Dominant Feynman diagrams that contribute to the Φ P → gg decay at one-loop level.
It should be emphasized that the form factors: A γγ , A γZ and A ZZ are free of ultraviolet (UV) divergences and its corresponding Lorentz structures satisfy gauge invariance.
Finally, we exhibit the analytical result for the one-loop amplitude of the Φ P → gg decay. Also, for this process, we have only included the SM top quark contribution since the exotic top quark contribution is suppressed at least two orders of magnitude (see Fig. 5 ). Said amplitude can be appreciated below
The form factor A gg is written as follows
. In this manner, the decay width of the Φ P → gg process is given as
Notice that the form factor A gg is also UV finite and the respective amplitude complies gauge invariance. The appearance of the Levi-Civita tensor in all the one-loop decay amplitudes of the Φ P boson is a distinctive manifestation of the pseudoscalar nature of this particle [33] .
In all our analytical calculations it has been assumed that
8f [27, 29] . The numerical evaluation for all the Φ P → W W, V V, gg processes was carried out by using the LoopTools package [34] .
IV. NUMERICAL DISCUSSION
This work represents a follow-up study to the one made by some of us concerning the two-body decays of the Φ 0 scalar boson at one-loop level [27] , because now we are interested in investigating phenomenological details regarding the two-body decays of the pseudoscalar boson at one-loop level in the context of the LTHM. In this sense, a scenario where m Φ P is of the order of unities of TeVs is settled down, where the one-loop level decays of Φ P into W W, V V and gg will be useful to test the consistency of the current parameter space of the LTHM [28] . Before proceeding, we remark that now the energy scale f is the only free parameter which we can play with. This symmetry-breaking energy scale is restricted by the experimental data to lower limits by around 2-4 TeV [28] .
In Fig. 6 , it can be seen that the decay width of the Φ P → W W H process essentially does not depend on c parameter variations. This plot shows a variation of the c parameter from 0.1 to 0.9, for three distinct energy scales, i.e. f = 2 TeV, f = 3 TeV and f = 4 TeV. Because of the Φ P → W W H decay is the only one that depends on the c parameter, and this is not the dominant decay mode of the Φ P boson, we assume that the total decay width of the Φ P boson will not depend of the c parameter. However, we will adopt a specific value for the c parameter such that the Z H contribution to Φ P → W W H is enhanced. Thus, we fix c = 0.85, in order to avoid the decoupling in the Φ P Z H H and Z H W W interactions, which also indicates presence of small mixing angles [27] . In Fig. 7(a) , the decay widths for the Φ P → ZH, W W Z, W W H, tt, gg, W W, V V processes are displayed. From Fig. 7(a) , it can be observed that the dominant contributions come from tree-level decays of Φ P , specifically, into ZH, W W Z and W W H, which are close to the value of 1 GeV around f = 4 TeV. The two-body decays of the Φ P boson at tree level have already been calculated [35] , however, between the energies studied only a small range is consistent with current constraints that come from electroweak precision data [28] . At the one-loop level, we found a subdominant decay mode which corresponds to the Φ P → gg decay, whose associated decay width is of the order of 10 −4 GeV near to f = 2 TeV. The decay width of the Φ P → W W process is two orders of magnitude less than Γ(Φ P → gg), being of the order of 10 −6 GeV close to f = 2 TeV. In contrast, the numerical evaluation tell us that the decays to electroweak neutral bosons are very suppressed. In specific, Γ(Φ P → γγ) ∼ 10 −7 GeV, Γ(Φ P → γZ) ∼ 10 −7 GeV and Γ(Φ P → ZZ) ∼ 10 −8 GeV for f around 2 TeV. Furthermore, we have computed their corresponding branching ratios as a function of the energy scale f , as can be seen in Fig. 7(b) . The total decay width of the Φ P pseudoscalar boson contains the decay modes: ZH, W W Z, W W H, tt. In Fig. 7(b) , it is clearly appreciated that the dominant branching ratios correspond to tree-level decays of Φ P . Nevertheless, the one-loop decay of the Φ P → gg process offers a branching ratio on the order of 10 −4 for f = 2 TeV. The remaining one-loop branching ratios turn out to be
and Br(Φ P → ZZ) ∼ 10 −8 , for f = 2 TeV. According to all the one-loop electroweak decay modes, the Φ P → W W process stands out as the most interesting one in order to search for new scalar bosons of pseudoscalar nature. However, in phenomenological terms, this is not the most important decay mode at one-loop level, since the Φ P decay to two gluons would be the most likely to be found. A. An estimation for the production of the pseudoscalar boson In this section we present an approximate study for the production cross section of the exotic pseudoscalar Φ P in the context fo the LTHM at LHC, decaying into different final states mentioned above. Although this analysis is not entirely accurate, it can provide valuable information as for the order of magnitude of the production cross section of the Φ P particle is concerned. To perform this, we employ the Breit-Wigner resonant cross section [31] . In this approximation, the production cross section via gluon fusion can be computed by means of the branching ratios Br(Φ P → gg) and Br(Φ P → Y ), where Y = gg, W W, V V . Thus, our Breit-Wigner cross section is written as follows
where σ(gg → Φ P → Y ) is estimated just at the resonance of the pseudoscalar boson Φ P [31] . We have numerically calculated the production cross section of Φ P as a function of the f parameter from 2 TeV to 4 TeV (see Fig. 8 ). From Fig. 8 , it is evident that the region that has the greater predictive importance corresponds to f around 2 TeV. Because the branching ratios for the Φ P → V V processes are very suppressed, we will focus our analysis on the decays Φ P → W W and Φ P → gg. For f = 2 TeV, the production cross section of Φ P with W W final states is σ(gg → Φ P → W W ) = 3.18 × 10 −6 fb, whereas that σ(gg → Φ P → gg) = 1.78 × 10 −4 fb. The expected integrated luminosity of the LHC at the last stage of operation is projected to be around 3000 fb −1 [36] . Therefore, by considering this experimental scenario it would be very difficult to observe some event related with the Φ P → W W , nonetheless, there would still be an observation gap for the Φ P → gg process, since almost one event could be observed at LHC. If we compare our results with those obtained in the context of the Φ 0 production at the LHC [27] , we find that the branching ratio for the Φ 0 → γγ decay is of the same order of magnitude that Φ P → γγ. In contrast, Br(Φ 0 → γZ) ∼ 10 Br(Φ P → γZ), Br(Φ 0 → W W ) ∼ 10 2 Br(Φ P → W W ) and Br(Φ 0 → ZZ) ∼ 10 8 Br(Φ P → ZZ); the last discrepancy is mainly due to that the Φ 0 → ZZ decay is induced at tree level while the Φ P → ZZ decay appears at one-loop level.
Although our study does not represent a detailed calculation of the production mechanism of a new exotic scalar particle via gluon fusion at the LHC, it could offer a most complete experimental guide in order to search for new exotic scalar particles with masses of the order of TeVs [27] . Alternatively, the production mechanism of new heavy scalars could be studied in the context of the Compact Linear Collider (CLIC) bearing in mind that this collider would offer much cleaner collisions also to a high integrated luminosity [37] .
V. CONCLUSIONS
The LTHM is based on a nonlinear sigma model together with a SU (5) global symmetry and a gauged subgroup [SU (2) 1 ⊗ U (1) 1 ] ⊗ [SU (2) 2 ⊗ U (1) 2 ] , where the presence of new particles with masses at energy scales of TeV is proposed. Among all the variety of new particles predicted, a new neutral pseudoscalar particle, identified as Φ P , is the main subject of this work. In specific, to explore the predictability of the LTHM the Φ P → W W, V V, gg decays were studied. Even though the parameter space of the LTHM is severely restricted by electroweak precision data, there is still opportunity to test this model at low energies between 2-4 TeV. We have settled down an analysis region from 2 TeV to 4 TeV for the energy scale f , which indicates a mass interval for m Φ P between 1.66 TeV and 3.32 TeV, respectively. On this energy range, it has been found that the relevant branching ratios correspond to the Φ P → gg and Φ P → W W decays, being at most of the order of 10 −4 and 10 −6 , respectively. A roughly estimate for the production cross section of the Φ P boson via gluon fusion was implemented. For f = 2 TeV, the numerical results tell us that in the last planned stage of operation of the LHC, events corresponding to the Φ P → W W decay would be very difficult to detect, however, the possibility of detection for the Φ P → gg process is more likely to be present.
